Quantitative Histochemistry of the Primate Skin X. Phosphoglucoisomerase, Phosphofructokinase and Triose Isomerase**From the Department of Cutaneous Biology, Oregon Regional Primate Research Center, Beaverton, Oregon. by Adachi, Kenji & Yamasawa, Shoko
THE JOURNAL OP INVESTIGATIVE DERMATOLOGY
Copyright fly 1505 by The WihiRms & Wilkins Co.
Vol. 50, No. 2
Printed in U.S.A.
QUANTITATIVE HISTOCHEMISTRY OF THE PRIMATE SKIN
X. PHOSPHOGLUCOISOMERASE, PHOSPHOFRUCTOKINASE AND
TRIOSE ISOMERASE*
KENJI ADACHI, M.D., Pn.D. AND SHOKO YAMASAWA, B.S.
Phosphoglucoisomerase, phosphofructokinase,
and trieose isomerase participate in the
Embden-Meyerhof glyeolytie pathway; their
occurrence in mammalian tissues as well as
their characteristics have been reviewed in
detail (1, 2). As far as the existence of the
enzymes in mammalian skin is concerned,
Bernstein et al. (3) first demonstrated that the
supernatant fraction of whole rat skin pos-
sesses all glyeolytie enzymes. Halprin and
Ohkawara (4) recently made an extensive
study on enzyme and substrate levels in both
normal and psoriatie epidermis, and these
three enzymes were found to be abundant.
The present study deals with the micro-
quantification of phosphoglueoismerase, phos-
phofruetokinase, arid triose isomerase activi-
ties in various parts of the normal primate
skin.
In a previous series, we reported the active
presence of all other anerobie glycolytie en-
zymes in these appendages (5—11).
MATERIALS AND METHODS
Details on the materials and general methods
have been reported previously (5, 6).
The Assay of Phosphoglucoisomerase(PGI)
The complete assay reagent for PGI consisted
of 20 mM glucose-6-phosphate, 100 mM Tris-HC1
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buffer, pH 7.7, and 5 pl of epidermal homogenate(0.25 to 1%) in a total volume of 50 pl. After the
reagent mixture had been incubated at 37° C for
30 to 60 mm., the product, fructose-6-phosphate,
was measured by the resorcinol method of Roe
(quoted in Ref. 12).
The Assay of Phosphofructokinase
(PFK)
The reagent mixture of PFK is essentially the
same as Lowry's (13) except that the concentra-
tion of substrate cofaetors and pH of buffer, i.e.,
fructose-6-phosphate was 7.5 mM, ATP 2.5 mM,
NADH 1 mM, and 100 mM Tris-HC1 buffer pH
7.9. Five microliters of homogenate (0.5 to 2%)
were added to 45 pl of the reagent mixture. After
incubation of the mixture at 37° C for 30 to 60
mm., the reaction was stopped by the addition of
acid. The formation of NAD was measnred ex-
actly as described in the previous report (6).
The Assay of Triose Isomerase (TI)
The reagent mixture for the TI assay consisted
of 10 mM dihydroxyaeetone phosphate, 3 mM
NAD, 1 mM EDTA, 30 mM arsenate, 5 mM
mercaptoethanol, 3 pg/ml crystalline glyceralde-
hyde-3-phosphate dehydrogenase, 100 mM Tris-
HC1 buffer, pH 8.4, and 5 pl of homogenate (0.1
to 1%) in a total volume of 50 pl. The mixture
was incubated at 37° C far 30 to 60 mm. The
fluorescence of NADH formed by the reaction
was measured with a fluorometer (5).
Tubes containing the respective reagent mix-
tures without homogenate (reagent blanks) and
the mixtures without the respective substrates
(enEyme blanks) were always incubated simulta-
neously in all three enzyme assays.t
The microenzyme assays were made by using
the same reagent mixtures for the respective en-
zymes but only ten microliters of the reagent
mixture per tube, which contained approximately
1 pg of sample (epidermis, sweat gland, hair
follicles, etc.), were used. The purity of these
samples depends on skill in free-hand dissection
of frozen-dried tissue. Generally speaking, eccrine
gland and both granular and basal layer in sole
epidermis may contain up to 30% of contamina-
tion by the adjacent structures; however, the rest
t All chemicals and the purified enzymes used
in this study were obtained from Sigma Chemical
Co., St. Louis, Mo.
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of the "sub-tissue" fractions have at least 90%
purity as detected by staining and examining the
dissected samples.
RESULTS
Effects of pH on Enzyme Activities
The pH activity curves of PGI, PFK, and
TI are illustrated in Figure 1. All three en-
zymes showed relatively flat-topped curves,
indicating that pH variation may have less
influence on these enzymes than it does on
other glycolytic enzymes. Triose isomerase, in
particular, showed essentially the same ac-
tivities in the pH range between 7 and 9. The
optimal pH values of PCI and PFK are ap-
proximately 7.7 and 7.9 respectively.
Effects of Substrate Concentration
The effects of substrate concentration are
shown in Figure 2. It appears that an excessive
amount of fructose-6-phosphate (30 mM)
slightly inhibited the PFK reaction velocity.
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FIG. 1. pH activity curves. The ordinate indi-
cates the various enzyme activities, expressed as
percentage of maximal activity at optimal p11 (as
100). The assay conditions were as described in
text, but with different pH values. Buffer used in
all experiments was Tris-HOl.
• — — —phosphoglucoisomerase
• .—phosphofructokinase
A triose isomerase
20
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Fio. 2. Effects of substrate concentration. The
assay systems were as in text with different levels
of respective substrates. The ordinate indicates
% activity of the maximal (100%) activity, and
the abscissa the substrate levels.
TABLE I
Effects of omitting one constituent from the reaction
mixtures*
constituent omitted PGI PFK TI
Nonet 100 100 100
Substrate 0 1.0 1.9
Cofactor ATP Mg — 14
17t
—
Auxiliary enzymes — 35 21
* Expressed as % of the value obtained with the
complete mixture.
t The complete mixture as described in text.
These values ranged between 1 and 3% of the
maximal activity (100%) when the homogenate
dialyzed against phosphate buffer (5 mM, pH 7.3)
was used as the enzyme source.
§ A mean of 3 values obtained by the omission
of three enzymes respectively.
The Michaelis constants of the enzymes under
the assay conditions described in Table I were
found to Je 1.2 x 102 (PCI), 1.1 X ba
(PFK), and 6.2 )< iT' (TI) as estimated from
Lineweaver-Burk plots.
Effects of Cof actors and Auxiliary Enzymes
The effects of ATP and the Mg ion on
PFK are shown in Figure 3. The optimal con-
centration of ATP for the PFK reaction had a
narrow range (between 2 and 5 mM). The high
concentration of ATP (20 mM) caused sig-
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FIG. 3. Effects of the cofaetors (phosphofruc-
tGkinase). Substrate mixture as in text except for
the varied cofactors. Only one eofaetor for the
enzyme reaction, ATP or was tested at one
time.
nifleant inhibition of the reaction. Neither
inorganic phosphate nor AMP (final concen-
trations up to 20 mM) inhibited the PFK
reaction. The optimal Mg concentration was
found to be between 1 and 5 mM.
The effects of auxiliary enzyme concentra-
tions are shown in Figure 4. Only 2 to 5 gg
of crystalline enzymes were needed for optimal
rates of reaction.
Effects of Omitting One Constituent
From the Reaction Mixtures
The effects of omitting one of the constit-
uents from the reaction mixtures are summa-
rized in Table I. Essentially no enzyme re-
action proceeded without the addition of the
respective substrate. The omission of eofactors
was also tested for PFK only, since PGI and
TI do not require cofactors for their reactions.
An appreciable reaction still occurred in spite
of the omission of ATP or Mg÷. Apparently,
this was due to the presence of endogenous
ATP and Mg in the enzyme preparation,
which was crude epidermal homogenate. The
cofactor functions of ATP and Mg for PFK
were proved by the use of homogenate dialyzed
for 30 mm. against phosphate buffer (50 mM,
pH 7.9) instead of the crude homogenate. The
Effects of Enzyme Concentrations and
Time Courses of the Reactions
As shown in Figure 5, the reaction rates of
the respective enzymes were linear with the
reaction time over a wide range. The reaction
rates were also proportional to the homogenate
concentrations. All enzyme assays in the pres-
ent study were conducted within the limits of
linearity.
dialysis removed endogenous ATP and Mg
from the homogenate and then the omission of100
either ATP or Mg resulted in essentially no
PFK reaction. (The addition of ATP and Mg
to the dialysis preparation was capable of
restoring PFK activity.) The omission of
auxiliary enzymes (crystalline enzymes added
I I I I to the reaction mixtures) did not depress the
mM PFK and TI reactions completely probably
because of the presence of endogenous enzymes
in the homogenate system.
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FIG. 4. Effect of auxiliary enzymes. Crystalline
aldolase, ct-glycerophosphate dehydrogenase, and
triose isomerase were used for the phosphofructo-
kinase reactions (.—), and crystalline glyc-
eraldehyde-3-phosphate dehydrogenase was used
for the triose isomerase reaction (A ). The epi-
dermal enzyme activities are expressed as % of the
maximal activities respectively.
TABLE II
Enzyme activities* of various skin structures
P-glucoisomerase P-fructokinase Triose isomerase
(rhesus) (rhesus) (stumplailed) (rhesus)
Scalp
epidermis 16.8 1.3 4.2 0.2 3.1 0.5 21.0 1.9
hair follicle 25.2 3.3 2.9 0.1 2.7 0.4 24.9 4.3
eccrine gland 44.6 3.8 3.1 0.7 3.0 0.3 27.6 3.4
apocrine gland — — 0.7 0.07 —
sebaceous gland 14.8 0.9 1.0 0.1 1.1 0.1 8.9 0.9
dermis <3.8 <0.07 <0.05 <0.6
Sole
keratin layer <0.4 <0.03 — <0.03
granular layer 5.0 0.4 3.2 0.3 — 7.1 0.7
prickle layer 9.2 0.5 3.5 0.3
— 8.5 1.0
basal layer 12.3 1.9 2.0 0.2 — 16.9 2.3
eccrine gland 21.4 1.6 2.3 0.1 — 18.5 2.0
dermis <1.5 <0.07 — <1.5
Lip
mucous, upper 15.9 3.9 2.1 0.2 — 14.9 1.4
mucous, lower 19.9 2.0 2.3 0.9 — 17.1 1.3
sebaceous gland 17.9 0.6 1.1 0.1 11.9 1.4
* The enzyme activities are expressed as moles of substrate converted per hour per kg of dry weight
tissue (± standard error of mean). Each figure is the mean of 5 determinations.
Enzyme Activities in Various Parts of
the Primate Skin
Both phosphogluco- and triose isomerase
activities were demonstrated to be abundant
in the primate skin and its appendages as
shown in Table II. The distribution of PGI
and TI in the epidermis, lip mucous mem-
brane, hair follicle, eccrine and sebaceous
glands is variable, the activities ranging,
with few exceptions, from 15 to 25 males/kg
dry wt/hr. The PGI activity in the scalp
sehaceous gland was relatively low. Only mi-
nute amounts of PGI and TI were found in
the dermis, and there was little detectable
enzyme activity in the keratin layer of sole
epidermis.
The most characteristic feature of PFK
distribution in skin is seen in the sole epi-
dermis (Table II). The PFK activity in the
granular layer is nearly as high as that in
183GLUCOISOMERASE, FRUCTOKINASE, AND TRIOSE ISOMERASE
F—6—P200-
/ .0
,
E 0.25
I I
30 60
FIG. 5. Linearity of the reactions—effects of enzyme concentrations and time. The
enzyme activities are expressed on the ordinate as m,smoles of product (F-6-P, NAD5 or
NADH) formed per reaction tube. The different enzyme concentrations (epidermal homog-
enate are indicated in the figures. Left, U—— phosphoglucoisomerase; center, • — phos-
phofructokinase; right, A triose isomerase.
minutes
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the prickle layer. As far as other glycolytic
enzymes were concerned, we found that the
granular layer contains 1/2 to 1,4 more enzyme
activities than the prickle or basal layer
does. Among the 14 enzymes relating to glu-
cose metabolism thus far studied in primate
skin (5—11, 14, 15), only PFK and 6-phospho-
gluconate dehydrogenase showed high activ-
ities in the granular layer.
The distribution pattern of PFK activities
otherwise is generally similar to that of P01
or TI, although its activities are approximately
only 1% to 1/s those of P01 or TI (Table H).
The PFK activities in epidermis, mueons
membrane, hair follicle, and eccrine gland
ranged between 2 and 4 moles/kg dry wt/hr.
The PFK activities in the apocrine gland
and both scalp and lip sebaceous glands were
less than half of those in other cellular com-
ponents.
DIscussIoN
Until recently our knowledge of the metab-
olism of skin was based on experiments with
whole skin as a biochemical sample. The
obvious defect of this type of experiment
stems from the fact that skin is not a uniform
tissue but is composed of many different
structures. Although recently many investiga-
tors are using epidermis instead of whole skin,
the problem still remains to obtain pure
preparations of skin appendages, such as hair
follicles, sweat and sebaceous glands, etc. There-
fore, the quantitative histoehemical (ultra-
mierochemical) study becomes an appropriate
approach; and in fact the present series of
glycolytie enzyme studies in primate skin and
its appendages were thus initiated. The dem-
onstration of POT, PFK, and TI activities in
various structures of skin, together with our
previous data (5—11), may be regarded as the
first evidence for the active operation of the
Embden-Meyerhof pathway in hair follicles
and sebaceous and sweat (both eccrine and
apocrine) glands, as well as in the different
layers of the epidermis (granular, prickle, and
basal layers) of primate skin.
The phosphofructokinase in mammalian tis-
sues as well as in microorganisms has been
shown to be a rate-limiting enzyme in glycolysis
(13, 16—24). End-product inhibition of PFK by
excessive adenosine triphosphate (ATP) has re-
cently been reported (18, 19, 21), and this evi-
dence was considered to be a reasonable theoreti-
cal basis for the Pasteur effect in certain tissues
(i.e., the control of glycolysis by PFK through
a series of feedback control mechanisms). Our
data on the feedback inhibition of PFK and
phosphoglycerate kinase (11) by ATP are con-
sistent with the findings of others and have
been postulated to explain the Pasteur ef-
fect on skin.
SUMMARY
1. Highly sensitive microenzyme assay meth-
ods for pliosphoglucoisomerase, phosphofructo-
kinase, and triose isomerase have been modified
for study of these enzymes in microgram quan-
tities of the various primate skin structures.
2. With rhesus epidermal homogenate as
the enzyme source, certain basic properties of
the enzymes such as Michaelis constants, op-
timal pH values, effects of cofactors, etc. have
been studied. An excessive concentration of
adenosine triphosphate markedly inhibits phos-
phofruetokinase. Because of this feedback type
of inhibition on phosphofructokinase by adeno-
sine triphosphate, phosphofructokinase is con-
sidered to be one of the key enzymes to regu-
late glycolysis in skin as it is in other tissues.
3. From frozen dried skin sections the
various structures, such as epidermis (dif-
ferent layers), hair follicles, eccrine and apo-
crine sweat glands, and sebaceous glands, were
dissected out and used as enzyme sources. The
microenzyme assays established the following
ranges of activity: phosphogluco- and triose
isomerases—lO to 25 moles/hr/kg dry wt and
phosphofructokinase 1 to 4 moles/hr/kg dry wt
of tissue, respectively.
4. The data obtained in this investigation,
together with our previous data on the activity
of glycolytic enzymes in the various structures
of primate skin, establish the occurrence of an
active Embden-Meyerhof pathway not only
in the epidermis but also in the hair follicles
and sebaceous and sweat glands of primate
skin.
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